f Congenital human cytomegalovirus (HCMV) infection is the most frequent infectious cause of birth defects, primarily neurological disorders. Neural progenitor/stem cells (NPCs) are the major cell type in the subventricular zone and are susceptible to HCMV infection. In culture, the differentiation status of NPCs may change with passage, which in turn may alter susceptibility to virus infection. Previously, only early-passage (i.e., prior to passage 9) NPCs were studied and shown to be permissive to HCMV infection. In this study, NPC cultures derived at different gestational ages were evaluated after short (passages 3 to 6) and extended (passages 11 to 20) in vitro passages for biological and virological parameters (i.e., cell morphology, expression of NPC markers and HCMV receptors, viral entry efficiency, viral gene expression, virus-induced cytopathic effect, and release of infectious progeny). These parameters were not significantly influenced by the gestational age of the source tissues. However, extended-passage cultures showed evidence of initiation of differentiation, increased viral entry, and more efficient production of infectious progeny. These results confirm that NPCs are fully permissive for HCMV infection and that extended-passage NPCs initiate differentiation and are more permissive for HCMV infection. Later-passage NPCs being differentiated and more permissive for HCMV infection suggest that HCMV infection in fetal brain may cause more neural cell loss and give rise to severe neurological disabilities with advancing brain development.
H
uman cytomegalovirus (HCMV), a beta-subfamily member of the Herpesviridae, is a ubiquitous pathogen. Congenital HCMV (cCMV) infection is the most common cause of birth defects and affects more children than other conditions such as Down syndrome and spina bifida (1) . The prevalence of cCMV infection is ca. 1% in the United States (2-4), 2% in India (5), and even higher (2 to 3%) in China (6, 7) . A total of 5 to 10% of congenital infections are symptomatic at birth and can present in the newborn period with microencephaly, cerebral ventriculomegaly, cerebral palsy, and intracranial calcification (4, 8, 9) . The remainder are asymptomatic at birth, but of these 10 to 15% will develop late-onset sequelae, including sensorineural hearing loss (SNHL), mental retardation, visual impairment, learning disabilities (4, (10) (11) (12) (13) (14) , and autism (15, 16) . Infected infants can resolve the infection in visceral organs, such as the liver and lung, but can be left with sequelae in the brain and auditory system (17) (18) (19) . The brain and auditory system are therefore the main targets of longlasting and permanent end-organ disease. There are about 400,000 babies with cCMV infection among the annual 20 million newborns in China and an estimated 40,000 new cases suffering from the sequelae caused by cCMV infection every year. Of the long-lasting sequelae in infants with cCMV, SNHL can be expected to occur most frequently (20, 21) . Severe brain damage is most commonly observed when cCMV infection occurs at early gestation. It is characterized by ventriculo-encephalitis with loss of the normal cortical architecture and integrity of the ventricular epithelium layer (17, 22, 23) . Based on these observations, we postulated that NPCs originating from early gestational age tissue might be more permissive to HCMV infection and in turn cause more severe damage.
Susceptibility of cell/tissue for CMV infection appears to increase during embryonic development, which is thought to be associated with the pathogenesis of neural cell loss and severe brain damage. In a mouse model, early embryos are nonpermissive for murine CMV (MCMV) infection, as judged by the lack of viral gene expression after injection of blastocysts (24) , zygotes (25) , or whole early embryos (E7.5) (26) . MCMV injection of the yolk sac at midgestation (E8.5) results in developmental anomalies, and viral gene expression is detected in the eyes, neuroectoderm, and visceral organs (24, 27) . It has been suggested that the main target of cCMV infection at midgestation is the mesenchyme, which is important for organogenesis, including the eyes and brain (15, 16, 28, 29) . At late gestation (E15.5), the brain is a preferential site of infection, and obvious brain damage (porencephaly) and productive infection are observed when MCMV is injected into the cerebral ventricles (30) . In vitro, murine embryoderived pluripotent stem cells (ePSCs) are nonpermissive to MCMV infection (31, 32) ; however, they gain susceptibility and become permissive during differentiation (32) . These results support the hypothesis that the stage of gestation and the differentiation status of progenitor/stem cells contribute to the susceptibility to CMV infection and clinical outcome.
Most cell types in the brain are susceptible to HCMV infection, but the extent of permissivity varies among different cell types. Using a mouse model, Tsutsui's group showed that the entire developing brain of infected animals exhibit viral antigen expression, but the viral genes are differentially expressed (33) (34) (35) (36) (37) . The most susceptible area is the subventricular zone (SVZ), where the major cell type is the neural progenitor/stem cell (NPC) (37) (38) (39) . Consistent with this, human NPCs cultured in vitro (prior to passage 9 [P9]) are fully permissive for HCMV infection (40) (41) (42) (43) (44) (45) (46) . Typical virus-induced cytopathic effects (CPE) are observed with the full range of viral protein expression and production of infectious progeny (40, 42, 43, (45) (46) (47) (48) . In addition, viral infection disrupts NPC differentiation and downregulates expression of NPC markers GFAP, SOX2, Nestin, and DCX (42, 49) .
Ex vivo expression of NPC-specific markers is maintained for longer than 20 weeks (50, 51) . However, the capacity of NPCs to proliferate decreases with increasing culture time/number of passages, suggesting that extended passage in vitro may induce differentiation. The effect of extended passage or gestational age of the source tissues used to establish NPC cultures on HCMV replication has not been previously investigated. In the present study, NPCs were obtained from postmortem neonatal brain tissues at different gestational stages. NPC cultures were evaluated for cell morphology and expression of NPC markers at various passages and for the ability to support HCMV replication. Gestational age of source tissues did not impact NPC morphology, marker gene expression, or HCMV replication. However, regardless of gestational age, a clear change in morphology occurred between passages 9 and 11. NPCs with late-passage (P11 to P20) morphology were more efficiently infected by HCMV and produced higher titers of infectious progeny than early (P3 to P9)-passage NPCs. In addition to morphological changes, NPCs that triggered differentiation at later passages were more susceptible to HCMV infection. These findings imply a mechanism for permanent sequelae caused by cCMV infection.
MATERIALS AND METHODS
Tissue. Postmortem fetal brain tissues from different gestational age cases were obtained according to the approval notice from the Institutional Review Board (WIVH10201202) and the Guidelines for Biomedical Research Involving Human Subjects at Wuhan Institute of Virology, Chinese Academy of Sciences. The tissues were from three different gestations: early gestation (10 to 12 weeks [n ϭ 3], termed NPC-E1, -E2, and -E3), midgestation (20 to 23 weeks [n ϭ 5], termed NPC-M1 to -M5), and late gestation (28 to 30 weeks [n ϭ 4], termed NPC-L1 to -L4). All of the investigated cases died of causes unrelated to HCMV infection, the brain tissues and isolated NPCs were negative for HCMV DNA by PCR as described previously (52) , and representative results are shown in Fig. S1 in the supplemental material.
NPC isolation and culture. NPCs were isolated following a protocol modified from one described previously (53) . Autopsy was conducted in a sterile field. The brain was removed with cerebellum and brainstem intact. Hippocampus and bilateral ventricular and subventricular zone tissues were acquired separately, and blood residue was removed with Hanks' buffer supplemented with high-dose antibiotics (1,000 U of penicillin/ml, 1,000 g of streptomycin/ml), followed by a wash in basal medium (DGA) comprised of a 1:1 mixture of Dulbecco modified Eagle medium (DMEM)-F-12 containing GlutaMAX (2 mM; Gibco-BRL), penicillinstreptomycin (100 U/ml and 100 g/ml; Gibco-BRL), gentamicin (50 g/ml; Gibco-BRL), and amphotericin B (Fungizone; 1.5 g/ml; Gibco-BRL). Tissues were diced with scalpel blades and eye scissors, followed by digestion with PPD solution (papain [2.5 U/ml], dispase II [40 U/ml], and DNase I [1 U/ml] in DMEM-F-12) at 37°C for 20 min. Red blood cells and tissue remnants were removed by centrifugation at 1,500 ϫ g for 15 min in 90% Percoll in phosphate-buffered saline (PBS; Sigma).
Cells in the top Percoll layer were recovered, washed twice with DGA, and then cultured using uncoated or fibronectin-coated (14 g/ml; Prospect) dishes in growth medium (GM) consisting of DGA supplemented with 10% BIT9500 (5 mg of bovine serum albumin/ml, 5 g of recombinant human insulin/ml, 100 g of human transferrin/ml; Stem Cell Technologies), human basic fibroblast growth factor (20 ng/ml; Prospect), and human epithelial growth factor (EGF; 20 ng/ml; Prospect). The culture medium was half replaced with fresh GM every day for the first 7 days or until neurospheres or colonies formed. After 7 days, the culture medium was half replaced every other day until NPCs became confluent. At this stage, cultures were defined as passage 1 (P1). Culture medium that was removed was clarified by centrifugation and stored at Ϫ20°C to be used later as conditioned medium (CM). Confluent NPC monolayers and neurospheres were digested with Accutase (1ϫ Accutase enzyme; Millipore) and then passed to uncoated or fibronectin-coated dishes at 1:3 for subculture, and the medium was half replaced every other day. Serial subcultures were maintained in uncoated or fibronectin-coated dishes and defined as P2, P3, etc. (Fig. 1) , until cells were used for infection. Cultures were maintained at 37°C in a humidified atmosphere containing 5% CO 2 .
Virus culture and infection. HCMV Towne strain (ATCC-VR977) was propagated in human foreskin fibroblasts (HFFs). Viruses in infected cell culture supernatants were concentrated by ultracentrifugation (46,000 ϫ g for 4 h). Pellets were resuspended in GM containing 1% dimethyl sulfoxide (DMSO), stored at Ϫ80°C, and titered by plaque assay on HFFs following 1:10 serial dilutions as described previously (54) . Since the concentrated HCMV was resuspended in GM containing 1% DMSO, the mock infection was inoculated with equal volume of GM containing 1% DMSO without virus. Confluent NPC monolayers on fibronectincoated dishes were lifted and dissociated with Accutase. NPCs were infected as described previously (42, 43) . Briefly, cells were counted and reseeded onto poly-D-lysine-coated (50 g/ml in double-distilled water; Millipore) dishes (3 ϫ 10 6 cells per 100-mm dish) or onto poly-D-lysinecoated coverslips in uncoated 100-mm dishes (3 ϫ 10 6 cells per dish) to allow cells to settle and spread for overnight. NPCs were infected at a multiplicity of infection (MOI) of 3 in the next morning (based on the number of cells seeded), followed by incubation for 3 h to allow for virus absorption. The inoculum was removed, and infected cells were rinsed with PBS for twice and then replaced with culture medium consisting of 50% CM and 50% fresh GM. Then, 200-l samples of culture supernatants were removed for virus titer determination at 24, 72, 96, and 120 h postinfection (hpi). Supernatant samples were adjusted to 1% DMSO and stored at Ϫ80°C. Supernatant samples were titered as described above. Means and standard deviations from at least two independent experiments are shown.
Immunofluorescence assay (IFA). NPCs were grown on poly-Dlysine-coated coverslips and were either not infected, mock infected, or virus infected at an MOI of 3. Cells on coverslips were fixed with 3% formaldehyde, permeabilized with 1% Triton X-100, blocked with 30% fetal bovine serum in basic blocking solution (1% bovine serum albumin and 0.01% Tween 20 in PBS), and incubated with mouse monoclonal antibodies (MAbs) to GFAP (IgG2b; Fitzgerald Industries International, Inc.), Nestin (IgG1; Chemicon), or HCMV IE1 clone p63-27 (IgG2a) or with goat polyclonal antibodies to SOX2 or DCX (Santa Cruz Biotechnology). After a washing step, the coverslips were incubated, as appropriate, with the secondary antibodies Alexa Fluor 488-conjugated goat anti-mouse IgG1 and IgG2b (Molecular Probes), tetramethyl rhodamine isothiocyanate (TRITC)-conjugated anti-mouse IgG2a (Jackson ImmunoResearch Laboratories), or fluorescein-isothiocyanateconjugated donkey anti-goat IgG (Jackson ImmunoResearch, Inc.). Nuclei were counterstained with Hoechst dye and coverslips were mounted with antifade mounting solution containing paraphenylene diamine. Images were obtained using a Nikon Eclipse 80i fluorescence microscope equipped with a Nikon DS-Ri1 camera and processed using the NISElements F3.0 software. A total of 500 to 1,000 cells from five randomly selected fields of each coverslip were counted and at least three independent experiments were performed for each assay. Positive rates were calculated as the number of positive cells divided by total cell numbers.
Western blotting (WB). NPCs were grown in poly-D-lysine-coated dishes and were either not infected, mock infected, or virus infected at an MOI of 3. The cells were digested with 1 ml of Accutase solution for ca. 3 to 5 min, pelleted by centrifugation, resuspended in ice-cold PBS, and counted. Cells were again pelleted by centrifugation, snap-frozen in liquid nitrogen, and stored at Ϫ80°C. Cell lysates were prepared as described elsewhere (55) . The equivalent of 10 5 cells was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (0.45 m; Amersham Biosciences). HCMV proteins were detected using MAbs to IE1 clone p63-27 (IgG2a), gB clone 27-156 (IgG2b), or major capsid protein clone 28-4 (IgG 2a), or IE1/IE2 (CH16), pp65, or UL44 (IgG1; Virusys Corp.). NPC markers were detected by using MAbs to GFAP (IgG2b; Fitzgerald Industries International, Inc.), Nestin (IgG1; Chemicon), or Vim (IgM; Sigma) or by using goat polyclonal antibodies to SOX2 or DCX (IgG; Santa Cruz Biotechnology) or rabbit polyclonal antibody to Mus 1 (IgG; Abcam). HCMV receptors were detected by using rabbit polyclonal antibodies to epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor ␣ (PDGFR␣), and integrin (INTG) ␤3 (IgG; Anbo). Secondary antibodies used were horseradish peroxidase-conjugated sheep anti-mouse IgG, donkey anti-rabbit IgG (Amersham Bioscience), or donkey anti-goat IgG (Proteintech Group). Two sets of independent infection experiments were performed and representative results are shown.
Live cell imaging. Phase-contrast images (ϫ300) of mock-and virusinfected NPCs were taken using a Nikon Eclipse TS100 inverted microscope equipped with a Nikon CoolPix P6000 camera. Representative images were collected from at least two independent experiments.
RT-PCR. Primers used for reverse transcription-PCR (RT-PCR) are shown in Table 1 . RNA was extracted from 3 ϫ 10 6 NPCs using TRIzol Reagent (TaKaRa). DNA was removed by treatment with 10 U of DNase (TaKaRa), followed by ethanol precipitation. RNA (500 ng) was reverse transcribed with an RT Master Mix perfect Real Time kit (PrimeScript; TaKaRa) according to the manufacturer's instructions. Quantitative PCR (qPCR) was performed on a real-time thermocycler (Bio-Rad; Connect) with the CFX 96 software and using iTaq Universal SYBY-Green Supermix (Bio-Rad). Each 20-l qPCR contained 2 l of RT reaction and 10 l of iTaq Universal SYBY-Green Supermix, a 0.25 M concentration of forward (F) primer, and a 0.25 M concentration of reverse (R) primer. Amplification was performed by denaturation at 95°C for 5 min, followed by 40 two-step cycles of 95°C for 10 s and 59°C for 10 s. Each reaction was performed in triplicate and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was analyzed as a control for each experiment. Two independent experiments were performed, and results are presented as the means Ϯ the standard deviations. The data were compared by using the Student t test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Isolation and characterization of NPCs. NPCs were initially cultivated from primary tissues in uncoated dishes as neurospheres or in fibronectin-coated dishes as monolayers (Fig. 1) . NPCs were present on day 4 of culture in coated dishes, by day 8 formed colonies, and by day 14 colonies connected to form confluent monolayers ( Fig. 2A) . These cultures were designated passage 1 (P1). The neurospheres, subcultures on uncoated dishes, could revert to growth as a monolayer upon transfer to fibronectincoated dishes (Fig. 2B) . Monolayer NPCs could also convert to neurospheres when transferred to uncoated dishes (data not shown).
NPC cultures were first evaluated by IFA for expression of NPC markers GFAP, SOX2, Nestin, DCX, Vim, and Mus 1 (40, 42, 53, 56, 57) . NPC cultures were 100% positive for GFAP, SOX2, and Nestin and 40% positive for DCX (Fig. 2C) . GFAP, SOX2, Nestin, DCX, Vim, and Mus1 were also detected by WB (Fig. 2D) . NPCs derived from tissues at different gestational ages were also assayed by IFA and WB for expression of this same group of markers, but no notable differences as a function of gestational age were observed (data not shown).
Effects of viral infection on NPC marker expression. To determine whether viral infection altered expression of NPC mark- (Fig. 2D) . Vim levels were largely unaffected by infection, whereas Mus1 levels were increased at 24 hpi in infected cells and remained elevated through 120 hpi (Fig. 2D) . Early-passage NPCs are fully permissive for HCMV infection. HCMV genes are temporally expressed in a series of phases of immediate-early (IE), early (E), and late (L). The IE genes are transcribed and translated immediately after virus entry. The IE proteins activate expression of E genes, which encode proteins that play key roles in viral replication and DNA synthesis. L proteins are mostly structural components and are expressed after initiation of viral-DNA replication. To investigate HCMV infection in early-passage NPCs, P3 NPC cultures established from early-gestation tissue were plated onto poly-D-lysine-coated dishes and infected with HCMV at an MOI of 3. CPE, viral protein expression, and progeny virus yield were examined (Fig. 3) .
No obvious CPE was observed at 8 hpi, but CPE was evident at 12 hpi and progressed as increasingly rounded-up and clumped cells from 24 to 120 hpi (Fig. 3A) . Expression of representative IE, E, and L viral proteins was examined by WB throughout the course of infection (Fig. 3B) . IE1 was detectable at 4 hpi and peaked at 72 hpi. UL44, an E protein, was weakly detectable at 8 and 24 hpi, but levels increased substantially from 48 to 120 hpi. Low levels of pp65, an E/L protein, were observed at 4 to 24 hpi. This probably represents input pp65 carried by the infecting virus particles, whereas increases at later times reflect de novo pp65 synthesis. Major capsid protein (MCP) and glycoprotein B (gB) are L proteins. Both were first observed at 72 hpi, with levels increasing subsequently. The expressions of these viral genes were similar to that following infection in human fibroblasts (see Fig. S2 in the supplemental material).
These results suggest that P3 NPC cultures support HCMV infection and progression through the full cascade of viral gene expression. To determine whether this results in production of infectious viral progeny, titers of infectious virus in culture supernatants were determined at 24, 72, 96, and 120 hpi. The replication cycle of HCMV is 48 to 72 h, which is consistent with late viral protein expression (MCP and gB), as shown in Fig. 3B . Since the carryon virus at 24 hpi was Ͻ10 PFU/ml, only the virus titers at 72, 96, and 120 hpi are presented to show the infectious viral progeny. The results indicated that NPCs were productively infected and yielded increasing amounts of infectious virus, with titers as high as 3.3 ϫ 10 5 PFU/ml at 120 hpi (Fig. 3C ). Gestational age of origin tissue does not impact HCMV replication in early-passage NPCs. As noted above, the gestational stage of tissues from which NPC cultures were established had no notable impact on NPC marker expression. To determine whether gestational stage has any effect on HCMV replication in NPCs, the viral infection studies described above were conducted using early-passage (P3 to P9) NPC cultures established from early (n ϭ 3, NPC-E1, -E2, and -E3)-, mid (n ϭ 5, NPC-M1 to -M5)-, and late (n ϭ 4, NPC-L1 to -L4)-gestational-stage cases.
Early-passage NPCs had a similar morphological appearance irrespective of the gestational ages of origin tissue (examples of uninfected P3 cultures from early-, mid-, and late-gestation tissues are shown in Fig. 4) . The progression of viral CPE was also similar (Fig. 4) , and no notable differences in viral protein expres- sion or infectious virus yield in culture supernatants were observed (data not shown).
Effect of passage on HCMV infection in NPCs.
To investigate the effect of passage of NPC on HCMV replication, infections were compared between early-passage NPCs at P3 and P6 from either the same or different sources of NPCs from early, mid, and late gestations. Similar results were obtained from P3 and P6 cultures from the same or different donor tissue. For example, a comparison of the results from P3 and P6 NPC cultures from the same donor is shown in Fig. 5 . No obvious difference in CPE development was observed (Fig. 5A) . Slight elevations in IE2 levels (1.2-to 2.6-fold) were detected in P6 versus P3 cultures, but the expression of IE1, UL44, and gB levels after infection were unaffected by the limited passage number (Fig. 5B) . Differences in virus titers (Fig. 5C ) were also small (Ͻ3.2-fold) and not significant.
In contrast, it was consistently observed that regardless of gestational age, the morphologies of NPCs changed between early passages (up to P9) and extended passages (P11 to P20), with extended-passage NPCs having shorter cell processes and becoming thicker and more aggregated on poly-D-lysine-coated plates (Fig. 6A) . However, NPCs were still 100% positive for GFAP, SOX2, and Nestin and 35% positive for DCX, values which are similar to those noted above. There were no significant changes in NPC marker positive rates, as assessed by IFA (data not shown).
Differences in HCMV infection were further investigated between early-passage and extended-passage NPCs from the same sources. NPC cultures derived from two different donor tissues with early, mid, and late gestational ages were used to assay the HCMV infections, including CPE, viral gene expression, and release of infectious progeny. However, again, no significant differences were detected with respect to gestational age of origin tissues. Therefore, the results from one representative comparison with midgestational age between early-and extended-passage NPCs are shown (Fig. 6) .
CPE appeared to develop faster in P11 versus P3 cultures (Fig.  6A) , although this may be due partly to differences in cell morphology/distribution at the time of infection. There were minor differences in IE2 and no differences in UL44 expression between P3 and P11 cultures, but gB levels were significantly higher (2.4-fold) in P11 cultures at 72 hpi (Fig. 6B) . Virus titers for P11 versus P3 cultures were 6.4-, 7.8-, and 5.5-fold higher at 72 hpi (P ϭ 0.047), 96 hpi (P ϭ 0.048), and 120 hpi (P ϭ 0.016), respectively (Fig. 6C ). The differences in virus yield were consistently observed in early-and later-passage NPCs derived from tissue of different gestational age (data not shown).
Extended passage of NPCs results in increased GFAP expression. In myeloid progenitor lineages permissivity for HCMV replication is dependent on cell differentiation (18, 19, 31) . Although changes in expression of NPC markers between early and extended passages were not evident by IFA, the fact that striking morphological changes were observed suggests that differentiation may be occurring, but they are not reflected by profound changes in marker positive rates. In particular, since all (i.e., 100%) NPCs were GFAP positive, it was impossible to evaluate the change in GFAP protein expression by IFA without fluorescence signal quantification. As an alternative approach for the detection of subtle changes in differentiation specific gene expression, we used the more sensitive and quantitative methods of both RT-PCR and WB (Fig. 7) . GFAP mRNA was significantly elevated (3.17-fold, P Ͻ 0.05) in extended-passage versus earlypassage NPCs, while SOX2 and Nestin levels were unchanged, and DCX was significantly decreased (3.7-fold, P Ͻ 0.05) (Fig. 7A) . The GFAP protein level was dramatically increased in extendedpassage versus early-passage NPCs, but SOX2, Nestin, and DCX levels were not obviously changed (Fig. 7B) . The expression levels of Vim and Mus1were not changed (data not shown).
Entry efficiency in extended-passage NPCs was enhanced. The efficiency with which HCMV enters cells in culture can be measured by the frequency of cells that stain positive for IE1 antigen at 24 to 48 hpi. To determine whether entry efficiency differed between the early-and extended-passage NPCs, cultures were infected at an MOI of 0.5 or 3 and then fixed and stained for IE1 antigen at 24 and 48 hpi. The results revealed that virus entry into early-passage NPCs was less efficient than into extended-passage NPCs (Fig. 8) . At an MOI of 0.5, higher-passage cultures exhibited increased infection rates (from 20.8 to 29% at 24 hpi and from 31.9 to 41.6% at 48 hpi), but these differences are not statistically significant. At an MOI of 3, however, higher-passage cultures exhibited statistically significant (P Յ 0.001) increases in infection rates from 43.9 to 65.5% at 24 hpi and from 48.7 to 83.4% at 48 hpi (Fig. 8A) .
To determine whether increased entry efficiency corresponded to increased HCMV receptor expression, the mRNA and protein levels of putative HCMV receptors EGFR, PDGFR␣, and INTG ␣V␤3 (58-60) were determined by RT-PCR and WB (Fig. 8B) . The mRNA levels of INTG ␤3 were significantly higher (P Ͻ 0.01), those of EGFR were significantly (P Ͻ 0.05) lower, and those of PDGFR␣ were unchanged in extended-passage versus earlypassage NPCs. Correspondingly, both of the protein levels of PDGFR␣ and INTG ␣V␤3 were present at higher levels, and EGFR was slightly lower in extended-passage versus early-passage uninfected NPCs. The PDGFR␣ protein level was higher, whereas mRNA did not appear higher in extended passages. These protein levels, however, did not completely correspond to the RT-PCR results; the HCMV receptor levels were probably higher in extended-passage versus early-passage NPCs.
DISCUSSION
cCMV infection is the most common infectious causes of neurological developmental disorders in infants and children. The longterm outcome of cCMV infection is highly variable, ranging from severe infants exhibiting significant neurological disabilities to asymptomatic infants who achieve normal development milestones. It has been proposed that the outcome is more severe when congenital infection is acquired in early gestation, especially during the first trimester (4) .
The SVZ of the fetal brain where NPCs are the predominant cell type is a susceptible site of infection and is affected frequently by cCMV infection (2, 22, 23, 31, 37, 38) . Several studies have demonstrated that human NPCs are permissive for HCMV infection. However, these previous studies of HCMV infection in NPCs has only been performed in NPCs established from the same gestational age tissue at early passages (40, 42, 43, 45, 46, 49) . Variation in HCMV infection in NPCs either from different gestational age brain tissue or at different passages, especially at extended passages after long-term culture, has not yet been characterized.
To determine whether the NPCs from early gestational age were more permissive for HCMV infection, stem cell characteristics (e.g., differentiation status) of NPCs, the corresponding biological parameters of NPCs, as well as virological parameters of HCMV infection in NPCs established from different cases at different gestational ages, and at early and later passages were thoroughly investigated. Our study is the first to consider these ques- tions and results are informative. They demonstrate that NPCs are fully permissive for HCMV infection and HCMV infection among NPCs from early-, mid-, or late-gestational tissues are indistinguishable. Furthermore, our results have defined differences (summarized in Fig. 9 ) in HCMV infections between early-passage (P3 to 9) and later-passage (P11 to 20) NPCs.
In this work, NPCs were isolated from fetal brain tissue and the homogeneity of NPC cultures was confirmed by staining for NPCspecific markers. All NPCs were positive for GFAP, SOX2, Nestin, Vim, and Mus1, and 40% of NPCs were DCX positive. These markers did not show notable differences in expression among NPCs that were derived from tissue from all gestational ages when assayed by either IFA or WB (data not shown). We noted that GFAP, SOX2, Nestin and DCX were downregulated by HCMV infection (Fig. 2) , which are consistent with previously reported results (42) . In addition, cell morphology was identical among early-passage NPCs that were derived from different gestational ages; all NPCs were fully permissive for HCMV infection, and no obvious differences were observed among NPCs originating from tissues of different gestational ages (Fig. 3, Fig. 4) . Notably, there were no differences in NPC markers expression, including the differentiation status and cell morphology among early-passage cells, suggesting that the NPCs were indistinguishable irrespective of the gestational ages at which they were established (summarized in Fig. 9 ).
Cell morphologies were also indistinguishable among laterpassage NPCs, but obviously different from the early-passage NPCs (Fig. 3 to 6 ). The features and changes of the cell morphology with extended-passage NPCs imply that NPC characteristics change during extended passages, a finding consistent with earlier results (51, 61, 62) , and correlate with changes in NPC marker expression levels (Fig. 7) and HCMV infection changes (Fig. 6, Fig. 8) .
Following HCMV infection of these NPCs, CPE was observed, a full range of viral proteins were expressed and high titers of infectious virus were produced, all of which confirmed that NPCs were fully permissive for HCMV infection (Fig. 3 to 6 and 8) . These results are consistent with results described previously (40, 42, 43, 45, 63, 64) . No notable differences in infection were observed among the same-passage NPCs originating from different gestational ages (Fig. 4) . These results indicate that gestational age of the source tissue has no effect on HCMV infection, i.e., contrary to our initial expectation, that NPCs originating from early-gestational-age tissue are more permissive. However, at an earlier gestational age, NPCs are the key players in fetal brain development and give rise to neurons and glia. The fetal brain possesses a greater abundance of NPCs at earlier gestational ages, thus, it can be argued that the neurological outcome following HCMV infection will be worse in early gestation.
Differences in HCMV infection were observed within earlypassage NPCs (P6 versus P3), but not statistically significant (Fig.  5) . In contrast, differences in HCMV infection between early (P3 to P9)-and later (P11 to P20)-passage NPCs were significant ( Fig.  6 and 8) . Two aspects could contribute to the HCMV infection differences. One is virus, and the other is NPCs. The same HCMV virus stock was used for all of the experiments, so the difference caused from virus could be excluded. As for NPCs, cell morphology was notably changed, suggesting that NPCs had differentiated. The levels of GFAP mRNA and protein were elevated in NPCs between extended passage and early passage, whereas the levels of DCX mRNAs were reduced (although the DCX protein levels were unchanged; Fig. 7 ), indicating NPCs had possibly differentiated toward astrocytes. Taken together, these changes in cell biology and HCMV infection suggest that extended-passage NPCs are at least partially differentiated, which correlates with the idea that HCMV infection is highly dependent on cell differentiation. These results are consistent with the previous reports that have shown that the extent of permissiveness of ePSCs and myeloid progenitor cells for HCMV infection are highly dependent on cell differentiation status (31, 32, 35, 65, 66) . In addition, our most recent study has shown that human ePSCs become susceptible to HCMV infection during differentiation into spinal cord and forebrain neural stem/progenitor cells and the extent of susceptibility is associated with the degree of differentiation (data not shown). Similar results have been observed previously (24-26, 32, 67, 68) . The significant difference in virus infection correlates with obvious cell morphology change and difference in NPC marker expression. Concomitant with differentiation, virus entry efficiency was significantly increased upon infection with an (high) MOI of 3. Virus entry is a receptor-dependent event, and higher receptor levels explain the mechanism for higher entry efficiency in later-passage NPCs. Our studies of the expression of putative receptors for HCMV do not point to an obvious explanation for the increase in the entry of HCMV into later-passage NPCs and may suggest that these molecules are not representative of receptors key for entry into NPCs. All of the evidence supports that later-passage NPCs are differentiated and are more permissive for HCMV infection, thus it is possible that receptor expression is also linked to the state of differentiation of these cells. Later-passage NPCs being differentiated and more permissive for HCMV infection suggests that the infection in the fetal brain disrupts the NPCs and might result in further neural damage crossing the SVZ to area beyond SVZ, such as the cortex plate, during infection at later times. Immature astrocytes and neurons could be involved and cause greater loss of glia and neurons. Similar results have been reported by using mouse model (37, 66) .
All NPCs from different cases at the early, mid, and late gestational ages are fully permissive for HCMV infection in vitro. Similar HCMV infections (in terms of CPE development, viral gene expression, and virus shedding) were found in similar-passage NPCs across the early, mid, and late gestational ages. These results suggest that naturally there are no significant differences in HCMV infection among all NPCs. In the early gestational period, there are greater abundance of HCMV targets (i.e., NPCs), presenting a greater potential for more severe damage since the brain is not well developed. In addition, later-passage NPCs, being differentiated and more permissive, provide a chance for further and deeper neural damage. Other factors, including maternal immunity, the maturity of the fetal brain-blood barrier, fetal immunity, and different virus strains, may be additional reasons for the different outcomes (69, 70) . Identification of the major receptor among EGFR, PDGFR, and INTG ␤3 utilized by HCMV, as well as of the major cellular factor(s) that causes the significant difference in the initiation of HCMV infection, needs to be further studied.
In summary, several groups have proven that NPCs are fully permissive for CMV infection, whereas the susceptibility of NPCs from different gestational ages and at different passages to HCMV infection has not been studied. Our work demonstrated that NPCs isolated from all of the source tissues were similar according to several criteria and that there was no difference in the permissiveness to HCMV infection irrespective of the gestational ages of the donor tissue. Furthermore, it was found that initiation of differentiation occurred in later in vitro-passaged NPCs, at least partially, toward astrocytes and that these NPCs exhibited higher permissiveness to infection than did earlier-passage cells.
FIG 9
Schematic illustrating changes in HCMV infection and NPC characteristics with gestational ages and passages. Infections, cell morphology, and NPC marker expression were identical between NPCs at the same passage and were unaffected by gestational age of source tissues. Differences in morphology, viral receptor expression, entry efficiency, viral gene expression, and production of viral progeny were observed between early-and later-passage NPCs.
